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Abstract

Ethyl pyruvate (EP) has potent influence on redox processes, cellular metabolism, and
inflammation. It has been intensively studied in numerous animal models of systemic and organ-
specific disorders whose pathogenesis involves a strong immune component. Here, basic
chemical and biological properties of EP are discussed, with an emphasis on its redox and
metabolic activity. Further, its influence on myeloid and T cells is considered, as well as on
intracellular signaling beyond its effect on immune cells. Also, the effects of EP on animal
models of chronic inflammatory and autoimmune disorders are presented. Finally, a possibility
to apply EP as a treatment for such diseases in humans is discussed. Scientific papers cited in this
review were identified using the PubMed search engine that relies on the MEDLINE database.

The reference list covers the most important findings in the field in the past twenty years.
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Introduction

Pyruvate (CH3COCOQ"), an anion of pyruvic acid, plays an essential role in intermediary
cellular metabolism. After it was first determined that pyruvate had the ability to scavenge
reactive oxygen species (ROS), studies showed that the utilization of exogenous pyruvate
initiates antioxidative and anti-inflammatory effects, both in vitro and in vivo. Still, pyruvate
spontaneously undergoes condensation and cyclization reactions in aqueous solutions, which
could produce potentially toxic end products. To avoid that possibility, ethyl pyruvate (EP,
CH3COCOOC:Hs), a derivative of pyruvic acid, was tested as an alternative, and was found both
stable and non-toxic in aqueous form [1, 2]. Furthermore, when applied in vivo in various disease
models, EP is most commonly administered in Ringer’s solution, a Ca?*-containing balanced salt
solution. In that setting, two molecules of EP associate with Ca?* to form a chelate complex,
which is highly stable [3]. Additionally, whereas pyruvate transport into the cell is dependent on
monocarboxylate transporters, EP, being electrically neutral and more lipophilic than pyruvate,

permeates biological membranes by diffusion to enter the cytoplasm or mitochondria [4, 2].

As it will be discussed throughout this review, EP has been shown to exert a number of
beneficial effects in various in vitro/in vivo settings, including the modulation of the redox
environment and prevention of ROS-mediated damage, promotion of cell metabolism and the
ensuing energy production, and inhibition of inflammation by shaping immune cell signaling,
activation and differentiation. All of these favorable effects of EP will be discussed in the context

of its potential to treat autoimmune and chronic inflammatory diseases.

Ethyl pyruvate, a Jack of all trades

Redox mechanisms of EP
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As ROS are inadvertently generated through multiple metabolic pathways in the mitochondria,

eukaryotic cells synthesize a variety of endogenous antioxidants whose task is to provide
protection from oxidative damage. If the delicate balance between oxidants and antioxidants
becomes disrupted, which is the case during the pathogenesis of many chronic diseases,
including autoimmune disorders, excessive ROS levels can modify the structure and function of
lipids, proteins or DNA. These modifications can lead to aberrations in gene expression, energy
metabolism, cell signaling and many other cellular functions, relevant for excessive immune cell
activation and perpetuating inflammation [5, 6]. As ROS-mediated oxidation can directly cause
lipid peroxidation, levels of lipid oxidation products are elevated under oxidative stress

conditions [7].

Numerous animal studies have confirmed the notion that EP possesses ROS-scavenging abilities.
The addition of EP to the Ringer's solution during resuscitation of rats from hemorrhagic shock
decreased hepatic lipid peroxidation, to a level similar to that found in the sham control group
[8]. Antioxidant potency of EP was also validated in studies on animal models of liver ischemia-
reperfusion injury [9], off-pump coronary bypass [10], bacterial translocation after thermal injury
[11] or cisplatin-induced nephrotoxicity [12]. In a rat model of extrahepatic cholestasis,
treatment with EP decreased lipid peroxidation in the liver, while a trend of increased glutathione
(GSH) was also detected [13]. GSH, by participating in many ROS- and reactive nitrogen
species-detoxification reactions and thus preventing oxidative stress-induced cellular damage,
serves as a “master antioxidant”. Importantly, diminished GSH has been observed in a number of
inflammatory diseases [14]. Neuroprotective effects of EP that were demonstrated in an
aluminum chloride-induced Alzheimer's disease model were partially a consequence of

decreased lipid peroxidation and lower nitrite levels in the brain and increased levels of GSH,
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catalase, and superoxide dismutase [15]. Additionally, EP was able to inhibit glomerular

NADPH oxidase activity and lower the resulting generation of ROS induced by diabetes in an

animal model of diabetic nephropathy [16].

In vitro, EP protected human trabecular meshwork cells in culture from hydrogen peroxide-
induced oxidative stress [17], and it also suppressed hydrogen peroxide-induced astrocyte cell
death [18]. It is possible that these effects were at least partially mediated by EP’s direct
scavenging of ROS, as it was found that EP could efficiently decompose hydrogen peroxide in
the reaction mixture [19]. In the same study, EP showed a strong scavenging potential towards
the superoxide anion radical (O2¢"), possibly by acting as a reducing agent and donating a

hydrogen atom to the superoxide anion.

EP was also able to stimulate the antioxidant systems in a number of different cell types.
Astrocytes treated with EP exhibited higher activation of the nuclear factor E2-related factor 2
(Nrf2), a transcription factor that can translocate from the cytosol to the nucleus and bind to the
antioxidant response element (ARE) positioned on the heme oxygenase 1 (HO-1) promoter. By
increasing the synthesis of several antioxidant molecules downstream of Nrf2 (including HO-1
and GSH), EP ameliorated the oxidative damage of hydrogen peroxide [18]. In addition, EP
attenuated both the oxidation of low-density lipoprotein (LDL) in vitro and the cytotoxic effects

of highly oxidized LDL on a human vascular endothelial cell line [20].

On the other hand, while ameliorating lipopolysaccharide (LPS)-induced lipid peroxidation in a
RAW 264.7 macrophage cell line, EP was also shown to decrease GSH cellular levels [21]. In
this LPS-stimulated macrophage-like cell line, EP stimulated nuclear accumulation of Nrf2, ARE
activity, and HO-1 expression, which was dependent on p38 mitogen-activated protein kinase

(MAPK) phosphorylation. The depletion of intracellular GSH levels by EP presumably caused
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oxidative stress and changed the redox state of the cell, thus stimulating p38 MAPK and

activating Nrf2 [22].

Similarly, dendritic cells (DC) differentiated in the presence of EP had increased Nrf2 activation
and HO-1 expression compared to DC differentiated without EP. The effect was observed both
in immature and in LPS-matured DC (our unpublished observations). Additionally, EP induced
nuclear translocation of Nrf2 which bound to ARE on the HO-1 promoter and recruited p300, a
transcriptional co-activator of both Nrf2 and p65, a subunit of NF-xB in a microglial cell line
BV2. The resulting inhibition of the p65-p300 interaction prevented LPS-induced inducible nitric
oxide (NO) synthase (iNOS) expression [23]. Likewise, EP suppressed NADPH oxidase, which
generated ROS when activated by LPS in the same cell line. The EP-reduced ROS production
resulted in JAK2 inactivation, which inhibited STAT1 and STAT3 phosphorylation and
prevented their translocation into the nucleus, thus inhibiting the expression of INOS and
multiple pro-inflammatory cytokines [24]. These studies showcase the ability of EP to
accomplish both antioxidative and anti-inflammatory effects through a shared mechanism of

action.

Furthermore, as it will be reviewed in detail later, EP is possibly most known for being an
inhibitor of HMGBJ1 expression/release. Theoretically, this effect might also be partially
mediated by EP redox-modulating properties, as the oxidation state of HMGB1 dictates its
(extra)cellular localization. Under mild oxidative stress, an intramolecular disulfide bond is
formed in HMGB1 (Cys23-Cys45), which increases its nucleocytoplasmic translocation and
extracellular secretion. Once outside the cell, HMGBL1 can induce an immune response, and

HMGBL1 oxidation status can also determine its immune functions [25].
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It is known that ROS, besides being potentially harmful, can also function as second messengers

in receptor signaling, by regulating the activity of different transcriptional factors and signaling
molecules [26]. Generally, inflammation and oxidative stress are considered closely linked and
interdependent — while the inflammatory process can induce oxidative stress, the sequence of
these events can also easily go in the opposite direction [27]. The forementioned studies which
examined the antioxidative abilities of EP showed that, aside from being able to potentiate an
endogenous antioxidant response and thus provide protection from ROS, its effects on the
intracellular redox environment could modulate the inflammatory response as well. This overlap
might be one of the reasons behind the efficacy with which EP has ameliorated the symptoms of
disease in various animal models where damage has been inflicted by both a strong immune

response and oxidative stress, which will also be the focus of the final section of this review.

Effect of EP on the cell metabolism

In the cytoplasm, pyruvate is generated as the end product of glycolysis, along with adenosine
triphosphate (ATP), while the oxidized form of nicotinamide adenine dinucleotide (NAD"), a
cofactor that functions as an electron carrier, becomes reduced (NADH). Pyruvate can then enter
the mitochondria and be converted into acetyl-CoA to serve as a precursor for the tricarboxylic
acid (TCA) cycle. Separately, pyruvate can be reduced to lactate in the cytoplasm, allowing the
recycling of NADH back into NAD™, which is essential for glycolysis [28]. Once it crosses the
plasma membrane, EP might provide exogenous pyruvate to further fuel cell metabolism.
Additionally, EP might influence cellular energy production through its aforementioned
activating effects on Nrf2, since Nrf2 is involved in regulating cell metabolism and can promote

glycolysis, stimulate amino acid metabolism or regulate lipid metabolism, among other effects
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[29]. Because of this, numerous studies have looked into the possible effects of EP on cell

metabolism.

When the protective effects of EP and pyruvate were compared in a study performed on neonatal
rat brain slices exposed to oxidative stress, the results showed that EP was more beneficial, and
that it provided metabolic protection of ATP levels. It was also found that the application of *3C-
labeled EP led to the production of the same TCA metabolites as when *C-pyruvate was used,
which indicated that the distinctive pharmacology of EP is at least partially based on its ability to
enter the cells more rapidly [4]. This study demonstrated that EP can be used as a credible
metabolic substrate. However, with a higher concentration of glucose in the substrate the brain
slices were exposed to, EP contribution to energy metabolism was not overly significant, if not
redundant [30]. Still, EP also prevented hydrogen peroxide-induced reduction of ATP and
hexokinase (a glycolytic enzyme) activity in renal tubular endothelial cells [31]. Excessive ROS
can impair mitochondria by inducing mutations in mitochondrial DNA or damaging the
mitochondrial respiratory chain [32], which can lead to dysfunctional oxidative phosphorylation.
Thus, it is quite possible that EP can help maintain cellular energy production by diminishing

oxidative stress.

Treatment with EP prevented ATP depletion in the skeletal muscle in a mouse model of hind-
limb ischemia-reperfusion injury [33]. Conversely, there were no significant changes in
phosphoenergetics in the liver or hind limb in an ischemia-reperfusion model in pigs resuscitated
with Ringer’s solution containing EP [34]. EP administration increased myocardial ATP levels in
an off-pump coronary bypass model [10], and it also effectively modulated the energy
metabolism in the liver of septic mice, reducing the sepsis-induced depletion of ATP, total

adenylate, and energy charge levels (a parameter of cellular energy-rich phosphate binding) [35].
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In a transient cerebral ischemia model, continuous perfusion with **C-succinate helped show that

the EP treatment enhanced the mitochondrial energy metabolism in the rat brain. EP raised the
levels of several 13C-labeled TCA cycle intermediates, indicating their de novo synthesis, while
raising endogenous TCA and purine metabolites levels [36], which showed that EP can

potentiate energy production in vivo as well.

Since EP is known to possess a wide range of immunomodulatory abilities, studies were
conducted to investigate the possible effects of EP on immune cell metabolism. While DC
activated by LPS make a metabolic switch from oxidative phosphorylation to glycolysis, without
proliferating [37], EP inhibited that switch in murine DC generated in culture and decreased
mitochondrial respiration and subsequent ATP production, thus inhibiting their activation [38].
On the other hand, in vitro differentiated regulatory T cells (Treg) proliferated more when
cultivated in the presence of EP, and were characterized by enhanced glycolysis (through
hexokinase-1 up-regulation) which resulted in stimulated ATP production [39]. T cell activation
also requires a switch from oxidative phosphorylation to glycolysis, necessary to meet the
metabolic demands of proliferation [40]. This suggests that EP might affect different signaling
pathways depending on the type of immune cell and their proliferative capacity. That might be of
importance for its possible therapeutic application, as immunometabolic reprogramming is
crucial during the process of mounting an inflammatory response. As the pro- or anti-
inflammatory capacity of different immune cells can be determined by their metabolic stage,
pharmacological targeting of immunometabolic reprogramming could represent a way to tackle

excessive inflammation [41].

EP makes the immune system walk the line
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The influence of EP on signaling in immune cells

In addition to being a metabolic fuel for the cells, EP influences immune cells in ways largely
unrelated to metabolism modulation. The effects of EP on immune cells are mostly anti-
inflammatory and they are depicted by its impact on versatile intracellular molecular
mechanisms and signaling pathways relevant for functional properties of various immune cells.
In this review, the effects of EP on the immune system at the molecular and cellular level will be

dissected.

Generally, it is thought that EP acts through the inhibition of the alarmin HMGB1 which acts as
a damage-associated molecular pattern. As HMGBL1 is primarily a nuclear protein, its presence in
the intercellular environment is sensed by immune cells as a signal that cellular stress and
damage are occurring. Indeed, HMGBL1 released from the damaged cells binds to receptors
present on immune cells, including the receptor for advanced glycation end products (RAGE),
and Toll-like receptors (TLR) 2 and 4, thereby recruiting the immune system to initiate an
inflammatory response in order to remove the damaged cells [42]. Although the inflammatory
reaction is beneficial, it is well-known that in certain cases the inflammatory processes may
become uncontrolled and lead to further tissue destruction, ultimately causing acute organ
failure, as observed in acute respiratory distress syndrome or sepsis [43]. Furthermore, prolonged
and uncontrolled inflammation is associated with the development of autoimmunity [44, 45]. It
was found that EP inhibited HMGBL translocation from the nucleus to the cytoplasm in RAW
264.7 macrophages and murine microglial cells in vitro [46, 47]. Also, EP inhibited
nucleocytoplasmic translocation of HMGBL in porcine circovirus type 2-infected swine
macrophage cell lines, thus acting against viral replication in the cells [48]. In addition, EP

blocked the release of HMGB1 from peritoneal murine macrophages primed with LPS and

11


https://www.springernature.com/gp/open-research/policies/accepted-manuscript-terms
http://dx.doi.org/10.1007/s00011-021-01529-z

This version of the article has been accepted for publication, after peer review and is subject to Springer
Nature’s AM terms of use, but is not the Version of Record and does not reflect post-acceptance improvements,
or any corrections. The Version of Record is available online at: http://dx.doi.org/10.1007/s00011-021-01529-z

stimulated with ATP [49]. Suppression of HMGB.1 release from the cells was associated with the

inhibition of HMGBL1 phosphorylation and acetylation in activated microglial cells and
macrophages, respectively [50, 51]. The inhibition of HMGB1 acetylation in macrophages was a
consequence of up-regulation of SIRT1 signaling molecule which inhibited the phosphorylation
of STATL [51]. The beneficial effects of EP in a model of central nervous system (CNS)
autoimmunity were presumably associated with the inhibition of HMGBL release, reflected by
dominant cytoplasmic localization of HMGB1 in macrophages/microglia in the CNS [52].
Finally, EP was shown to be able to inhibit HMGB1 expression during CNS autoimmunity, in
the macrophages/microglia in the CNS, as well as within mesenteric lymph nodes [52]. Thus, EP

acts on HMGBL at multiple levels and differently in diverse cells and milieus.

Another target of EP is one of the key inflammatory transcription factors - NF-xB. It was shown
that EP inhibited the activation of NF-«B in astrocytes stimulated with IFN-y and IL-17 [53]. EP
also decreased NF-xB DNA-binding activity in LPS-stimulated macrophages through covalent
binding to the p65 subunit at Cys(38) of NF-kB, without affecting the degradation of IkBa or
IxBp [54]. The net effect of NF-kB inhibition is probably the down-regulation of related genes

expression, such as TLR4 in macrophages [55].

Mitogen-activated protein kinases (MAPK) also represent a target for EP action. It was
documented that EP reduced the levels of phospho-p38 and phospho-ERK1/2 MAPK in the
jejunum of S. typhimurium-infected mice, as well as in the myocardium of ischemia/reperfusion
injured rat hearts [55, 56]. Also, EP inhibited ERK1/2 phosphorylation in LPS-stimulated murine
DC, as well as p38 and ERK1/2 in human neutrophils and in a porcine enterocyte cell line IPEC-

J2 [38, 57, 58]. Still, activation of p38 MAPK in RAW 264.7 macrophages by EP was observed
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in association with the upregulation of HO-1 [22], thus showing that the effect of EP on MAPK

signaling does not always have to be negative.

Further, EP significantly reduced caspase 11 and gasdermin D action and thereby inhibited LPS-
induced pyroptosis in macrophages [59]. In this way, EP limited the unwanted macrophage cell
death during infection which promotes infection spreading. Finally, EP inhibited caspase 1-
dependent NOD-like receptor 3 (NLRP3) inflammasome activation in murine and human
macrophages [49]. It was shown that EP attenuated mitochondrial damage and consequently
reduced the cytoplasmic level of mitochondrial DNA, which is a well-known activator of NLRP3
[49]. EP also inhibited the NLRP3 inflammasome in murine microglial cells primed with LPS
and stimulated with nigericin in vitro [60]. Moreover, it inhibited the NLRP3 inflammasome in
the hippocampus of mice affected by sepsis-associated encephalopathy (SAE) and in the

myocardium of ischemia/reperfusion heart injury model in rats in vivo [60, 56].

The influence of EP on myeloid cells

Macrophage activation is severely impaired under the influence of EP in vitro and in vivo.
Specifically, in vitro treatment with EP down-regulated pro-inflammatory IL-12, IL-6, and TNF
production, INOS expression and NO release, as well as ROS generation in LPS-stimulated
murine macrophages [54, 46, 53]. Also, EP downregulated the expression of MHC class Il and
CD11b molecules in LPS-stimulated murine macrophages [53]. Further, EP treatment of S.
typhimurium-infected macrophages decreased the levels of the 11-6, 1l-/5 and Tnf mRNA [55]. In
vivo, EP application reduced the number of activated macrophages/microglia (ED1%/Ibal™) in the

CNS of rats with experimental autoimmune encephalomyelitis (EAE), an animal model of CNS
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autoimmunity [52]. However, EP did not affect the ratio between M1 pro-inflammatory and M2

anti-inflammatory macrophages during type 1 diabetes (T1D) in mice [61].

The effect of EP on DC is primarily tolerogenic. Application of EP in T1D in mice increased the
number of CD11c*CD11b"CD103" tolerogenic DC within the pancreatic tissue [61]. Direct
evidence about EP ability to induce a tolerogenic phenotype in DC was obtained in our study
performed on murine and human DC [62]. Bone marrow-derived cells obtained from mice and
peripheral blood monocytes obtained from humans were differentiated into DC. The addition of
EP to the cultures of monocytes during the process of differentiation to DC led to a marked
decrease in expression of MHC class 11 molecules and co-stimulatory molecules CD86 and
CD83 in DC exposed to maturation stimuli [62]. Thus, these cells had an inadequate capacity of
antigen-presentation and T cell activation, which was also proven by the limited ability of EP-
treated DC to stimulate an allogeneic T cell response. Importantly, the effect that EP exerted in
human DC cultures was comparable to the well-known tolerogenic agent vitamin D3 [62]. It is
also worth mentioning that EP was equally efficient in inducing tolerance in DC that were
obtained from healthy individuals and in those from multiple sclerosis patients. Tolerogenic
effects of EP on DC were also investigated in a study that was dedicated to the metabolic aspects
of DC biology [38]. There, it was shown that EP promoted tolerogenic properties of DC by
down-regulating the expression of maturation-related TLR7 and TLR9 through a decrease of

glycolysis and mitochondrial respiration [38].

The influence of EP on T cells
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An early report on the effect of EP on T cell biology came from a study on the influence of EP

on thermal injury in rats. The injury impaired T cell capacity to proliferate, to utilize the nuclear
factor of activated T cells (NFAT) signaling, and to express I1L-2, while EP was shown to restore
these T cell activities [63]. This effect of EP on T cells may be explained by its direct metabolic
effect on T cells, as it could boost their metabolic needs [40]. The effect could also be indirect
through its interference with HMGBL1, as systemic HMGBL1 levels were decreased in EP-treated
rats. Indeed, HMGB1 was shown to potentiate Treg suppressive functions, and to limit
proliferation and activity of conventional T cells [64]. Accordingly, in another study on the
effects of EP on thermal injury, the suppressive activity of Treg, as well as their 1L-10
production and CTLA-4 and FoxP3 expression were reduced under the influence of EP [65].
However, there are also reports that EP promotes the generation of Treg and inhibits pro-
inflammatory CD4" subsets. For instance, EP ameliorated T1D in mice while potentiating Treg
[61]. Treg were more able to differentiate from naive cells and had a higher proliferation rate in
EP-treated mice in comparison to Treg from diabetic animals. Treg migration towards the
pancreatic region also increased after EP administration along with their ability to specifically
target Thet™ Thl cells. In addition, Treg from EP-treated mice exerted higher suppressive effects
towards effector T cells, which was probably mediated through the enhanced CTLA-4
expression and I1L-10 production. In vitro treatment of CD4" T cells with EP suggested that this
high suppressive ability might also be a consequence of increased expression of CTLA-4, GITR
and PD-1 on Treg [61]. This effect of EP on Treg did not seem to have any relation to HMGB1
down-regulation in Treg (our unpublished observations), but was rather a consequence of a
stimulatory effect on glycolysis, i.e. EP probably provided sufficient amounts of energy for Treg

proliferation and suppressive activity [39]. In vitro treatment with EP, when applied during the
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Treg differentiation process, increased the number of Treg, but also increased ROS production

per cell [39]. This contradictory effect of EP might be actually explained by its transient ROS
scavenging activity followed by a relapse to the “normal” Treg state characterized by high ROS
levels. In addition to these effects of EP both in vitro and during T1D pathogenesis, EP also
successfully stimulated Treg proliferation when given to healthy mice either intraperitoneally or

orally [39].

In a colitis model in mice, treatment with EP down-regulated the number of Th17 cells in the
intestine, and it decreased both Th1 and Th17 numbers in the spleen and mesenteric lymph nodes
[66]. Furthermore, its application in EAE ameliorated the disease and reduced IL-17 production
in the cells infiltrating the CNS of the animals [53]. Moreover, IFN-y and I1L-17 release from
human peripheral blood T cells challenged with purified protein derivative or tetanus toxoid, i.e.
vaccine antigens, was inhibited by EP in vitro [53]. In accordance, in vitro application of EP
inhibited the expression of RORyt and suppressed the differentiation of murine CD4" T cells into

Th17 cells [67].

It has to be noted that systemic application of EP did not result in a systemic effect on Th cells in
animal models of T1D and rheumatoid arthritis (RA). Intraperitoneal EP administration did not
affect the proportions of spleen Th1, Th2 or Th17 subsets in T1D mice [39], nor did it change

Th1 and Th17 proportion in the spleen of mice with collagen-induced arthritis (CIA) [67].

To summarize, EP has the ability to modulate multiple inflammatory signaling pathways in
immune cells (Figure 1). Its restrictive and modulatory effects on macrophages, DC and T cells
are well documented and have profound importance for its beneficial influence observed in
various models of autoimmune and chronic inflammatory disorders, as will be discussed in detail

in the following sections.
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Figure 1. Effects of EP on signaling in immune cells and on HMGBL1. EP affects HMGB1 on
multiple levels. It reduces HMGB1 mRNA expression, HMGBL translocation from the nucleus

into the cytoplasm, phosphorylation and acetylation of HMGBL, and its release from the cells.

Also, EP influences the HMGB1 redox status, as it modulates the reduction of HMGB1

cysteines. Depending on the cysteine reduction state, HMGBL1 acts through RAGE or TLR to
stimulate NF-xB and MAPK signaling, and these signaling pathways can also be inhibited by
EP. TLR engagement by HMGBL leads to activation of NLRP3 inflammasome. NLRP3 is also

activated by intracellular HMGBL. EP is able to inhibit both ways of NLRP3 activation.

Chemical David for the Autoimmune Goliath

EP in animal models
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EP has been tested as a potential therapeutic in various animal models of autoimmune and

inflammatory diseases. Some of the prominent examples of its efficacy in ameliorating such

diseases are presented in the following text and in Figure 2.

EAE is a widely used animal model of multiple sclerosis, a chronic, inflammatory, and
autoimmune disease of the CNS [68]. When our group applied EP in the effector phase of EAE
in rats, EP significantly ameliorated the disease via downregulation of the Th1/Th17 axis [53]. In
vivo effects of EP on EAE were accomplished through a reduction of infiltrates within the CNS
and a lowered number of activated macrophages/microglia and proliferating astrocytes.
Moreover, inhibition of HMGB1 production in activated macrophages/microglia within the CNS
was also notable [52]. Anti-encephalitogenic effects of EP were mirrored in immunomodulatory
effects in the gut-associated lymphoid tissue, as EP reduced both the number of activated CD4"*
T cells and antigen-presenting cells and the expression of Th1/Th17-related molecules in
mesenteric lymph nodes and Peyer’s patches [52]. The neuroprotective potential of EP was also
investigated in cuprizone-induced demyelinating model of multiple sclerosis in mice [69]. There,
treatment with EP led to the accumulation of astrocytes in the myelin sheath. In vivo and in vitro
studies demonstrated that the accumulated astrocytes promoted the phagocytosis of myelin
debris. Importantly, the EP treatment converted astrocytes into myelinating cells and therefore
promoted remyelination [69]. In vitro results of the same group showed that EP improved
microglia migration and augmented the phagocytosis of myelin debris by BV2 microglia and
primary microglia. Notably, EP redirected microglia towards an M2 phenotype [70].
Accordingly, we showed that even extremely short exposure of microglial cells to EP (as short as
10 minutes) inhibited their inflammatory properties, such as production of IL-6, TNF and NO

[71].
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Our group also investigated EP in an animal model of T1D, an autoimmune disease that is

characterized by the death of insulin-producing pancreatic -cells [72], and consequent loss of
blood sugar level regulation [73]. EP, applied prophylactically to mice treated with multiple low-
doses of streptozotocin for T1D induction, reduced the disease development, as well as the
number of islets with mononuclear infiltrates, while functional insulin-expressing p-cells were
preserved in the treated animals [61]. Interestingly, HMGBL1 expression in -cells was
successfully suppressed with EP treatment. However, the mechanism of EP protective action was
largely attributed to the increased proportion of tolerogenic DC and Treg in the pancreatic
infiltrates and surrounding lymph nodes and to the specific stimulation of Treg migration,
proliferation and suppressive functions [61]. Diabetic nephropathy is one of T1D associated
comorbidities, characterized by the oxidative stress-mediated accumulation of extracellular
matrix proteins in the glomeruli and the renal interstitium which leads to kidney failure [74, 16].
Treatment with EP inhibited glomerular NADPH oxidase and therefore protected against kidney
injury in an animal model of diabetic nephropathy. Also, the antioxidant effect of EP was shown
beneficial in lessening the damage of renal structures in streptozotocin-induced diabetes in rats

[74].

RA is characterized by chronic inflammation of multiple joints, and consequent joint cartilage
and bone destruction [75]. CIA is a widely used animal model of RA as it has many of the
characteristics of the human autoimmune disease [76]. EP treatment of mice with CIA led to
marked reduction of disease incidence and significantly reduced the hind paw swelling [77].
Furthermore, expression of chemokines, such as macrophage inflammatory protein 1a and 2
(MIP1a and MIP2), and neutrophil infiltration into inflamed joints were significantly reduced in

the EP-treated mice. EP also decreased the plasma levels of pro-inflammatory cytokines while
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increasing the level of anti-inflammatory IL-10. Immunohistochemical analysis of the joints

showed a significant reduction of iNOS staining in the treated animals. Furthermore, expression
of antioxidant and cytoprotective HO-1 and Nrf2 was increased in the nuclei of the cells in the
synovial space (such as fibroblasts) and chondrocytes in the joints of animals treated with EP
[77]. In an additional study, the beneficial effect of EP in CIA was explained by a suppression of
Th17 cells and inhibition of RORYt expression, as well as by a reduction of HMGB1 expression

in the synovium [67].

Systemic lupus erythematosus (SLE) is a multi-systematic chronic autoimmune disorder that
affects multiple organs [78]. To the best of our knowledge, only one paper has been published so
far regarding the application of EP in an animal model of SLE [79]. The authors showed that
treatment of MRL/Ipr mice with EP successfully ameliorated the disease. Namely, the treatment
improved the survival rate and alleviated the lupus nephritis by lowering the presence of
HMGBL in the serum of MRL/Ipr mice. Accordingly, EP decreased the weight loss and the

amount of proteins in the urine of the treated animals [79].

The effectiveness of EP was also investigated in experimental autoimmune orchitis (EAO), an
animal model of chronic testicular inflammation that leads to infertility [80]. As an immune-
privileged place, testes are protected from host immune responses [81], while a break of the
immune privilege causes testis-specific autoimmunity [82]. By lowering the number of
macrophages and reducing the levels of HMGBL1 and IL-6 in the testis, EP treatment inhibited

testicular inflammation and reduced EAO progression [83].

We have recently shown that EP is effective in experimental autoimmune myocarditis (EAM)
[84]. EP alleviated heart inflammation, and CD11c" antigen-presenting cells and Th17 cells were

identified as the most prominent targets of EP activity in EAM. Moreover, HMGB1 expression
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and expression of various chemokine receptors were downregulated in the heart of EP-treated

EAM mice [84].

EP was also investigated in the context of animal models of inflammatory bowel disease (IBD), a
chronic inflammatory disorder of the intestine that leads to chronic intestinal damage due to the
overproduction of ROS and inflammatory mediators [85, 66]. In a rat model of TNBS-induced
colitis, treatment with EP suppressed the inflammatory mediators and significantly recovered the
intestinal mucosa [86]. It was also shown that EP inhibited HMGB1 expression in both the serum
and the colon and ameliorated the disease in a mouse model of IBD [87, 46]. Furthermore, the
amelioration of colitis in mice was also related to EP-imposed reduction in Th1/Thl7 activation

[66].

Sepsis is a life-threatening state of acute inflammation caused by infection [88]. Numerous
studies have shown that the beneficial effects of EP in animal models of sepsis were related to its
HMGB1-inhibiting activity [89, 90, 22]. Further, EP efficiently reduced the inflammation in the
mesenteric microcirculation via down-regulation of P-selectin and intercellular adhesion
molecule-1 (ICAM-1) in septic rats [91]. In a cecal ligation and puncture (CLP) model of sepsis,
EP was shown to reduce the mortality of rats, and it also reduced mitochondrial swelling and
dysfunction, as well as the mitochondrial expression of aquaporin-8, a water channel protein that
significantly contributed to mitochondrial swelling [92]. Similar results were obtained in another
study on a mouse CLP model, as EP efficiently ameliorated intestinal damage and increased the
survival rate [35]. Furthermore, EP reduced the inflammatory response, oxidative damage, and
metabolic acidosis in septic mice [35]. There are several other studies also showing remarkable

effects of EP in animal models of sepsis [57, 59, 93].
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EP was also shown to be effective in the treatment of various sepsis-associated diseases, such as

intestinal damage or SAE. EP decreased the formation of neutrophil extracellular traps and
alleviated sepsis-induced intestinal damage via inhibition of ROS-induced activation of MAPK
ERK1/2 and p38 in a mouse sepsis model [57]. Activation of the inflammasome is a crucial step
in the development of SAE [94, 95, 96]. After the administration of EP in a mouse model of
SAE, NLRP3 inflammasome activation and IL-1p release from the microglia were significantly

inhibited, while the cognitive decline was attenuated and neurogenesis was improved [60].

Additionally, EP was shown to ameliorate organ dysfunctions in various animal models [97, 2].
A number of acute organ injuries are related to the overexpression of HMGB1 [98]. For
example, an exogenous HMGBL injection caused liver damage in healthy mice [99]. It has been
shown that HMGBL1 contributes to renal ischemia-reperfusion injury [100], sepsis-induced
kidney injury [101], severe acute pancreatitis-related kidney or lung injuries [102, 103],
hemorrhagic shock-related acute lung injury [104], hypoxia-induced acute lung injury [105], and
gut-mucosal injury [99]. Thus, the inhibitory effects of EP on HMGBL1 can be beneficial in these
conditions. Indeed, EP significantly alleviated pancreatic injury and necrosis by inhibiting
inflammatory cell infiltration, expression of HMGBL1 and pro-inflammatory cytokines (TNF, IL-
6), and pancreatic NF-kB DNA binding [103, 106]. EP also ameliorated the hepatic
inflammatory response and hepatic lipid peroxidation in experimental alcoholic liver injury
[107], acute liver injury secondary to severe acute pancreatitis [108] and hepatic ischemia-
reperfusion injury through its anti-inflammatory and anti-apoptotic mechanisms in mice [109].

Further, EP reduced the hyperoxia-induced acute lung injury [110].
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The examples presented above clearly imply that EP is efficient in ameliorating immune-

mediated disorders in experimental animals. It is therefore tempting to speculate that it would

also be efficient as a therapeutic for human autoimmune and inflammatory disorders.
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Figure 2. Effects of EP in animal models of autoimmunity and inflammation. Effects of EP

on autoimmunity and inflammation have been explored in various animal models. For each of
the models the main findings are listed. Rat and mouse symbols indicate whether data were
obtained in rat or mouse animal models. AOI — acute organ injury, Astro — astrocyte, CIA —
collagen-induced arthritis, EAE — experimental autoimmune encephalomyelitis, EAM -
experimental autoimmune myocarditis, EAO — experimental autoimmune orchitis, Mf —

macrophage, Mg — microglia, T1D — type 1 diabetes.

EP in clinical trials

Having in mind the efficacy of EP in animal models of various autoimmune and chronic
inflammatory diseases, it is important to continue its translation into clinical trials. EP is widely
used as a food additive and flavoring agent [111], and it is described as having a floral-fruity
odor and a sweet and caramel-like taste [112]. So far, there has been only one clinical trial
investigating EP, in which the safety and complication prevention in cardiac surgery patients on
cardiopulmonary bypass were investigated (NCT00107666). It was a Phase Il randomized,
double-blind, placebo-controlled, parallel-group, multicenter clinical study. Patients undergoing
cardiac surgery received 6 doses intravenously, one administrated before surgery and 5 more
administrated every 6 hours afterwards, with 102 participants included in the study. Analysis of
Phase Il data showed that there was no difference between the effectiveness of the placebo or EP
in reducing the principal complications, such as death, mechanical ventilation, and/or acute renal
failure any time after the first 48 h post-surgery [113]. As a consequence, the study was
suspended. However, EP was proven to be safe in both healthy individuals and in patients that

underwent cardiopulmonary bypass surgery in the same clinical trial [97].
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There is one critical issue that has to be addressed when thinking about translating the

application of EP from animal studies to clinical trials - the in vivo activation site of EP. When
pyruvate interacts with hydrogen peroxide it forms an unstable intermediate 2-hydroperoxy-2-
hydroxypropanoate, which then goes through rearrangement to produce acetate, carbon dioxide,
and water. Its rearrangement is initiated by the release of carbon dioxide from the carboxyl
group. In EP, the ester formation blocks the pyruvate carboxyl group, thus disabling the
rearrangement to form the products listed above. Carboxylesterase is an enzyme that converts EP
to pyruvate in vivo and it is uniformly present in mammalian cells. However, not all mammals
have this enzyme in the blood plasma. Specifically, it is present in the blood plasma of rodents,
but not humans [114, 115]. Therefore, when applied systemically in rodents, EP can be activated
in the blood plasma to achieve sufficient extracellular concentration so that the derived pyruvate
can reduce extracellular H.O>. However, in humans, EP can be activated only in the intracellular
environment. The generated pyruvate will thus have little impact on H>O> levels because
pyruvate is rapidly metabolized. This can be one explanation for the discordance between the
results obtained in animal and human studies [116]. Of course, not all of the beneficial effects of
EP depend on its interaction with H20-, as explained in detail in the previous sections. Along this
line, EP was shown effective in the treatment of hemorrhage in pigs, animals that, like humans,
do not have carboxylesterase present in the blood plasma [117]. Namely, treatment with EP
prevented inflammatory responses and organ damage by inhibiting TNF and HMGB1 serum
levels, by reducing NF-«B activation in the spleen, and through restriction of cytokine
production and myelopyroxidase activity in the terminal ileum [118]. EP was also efficient in the
treatment of the swine model of cardiac arrest, and in a porcine model of resuscitated

hyperdynamic endotoxemia [119, 120]. Furthermore, EP was not consistently efficient in horses,
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animals that, like rodents, have carboxylesterase present in the blood plasma [117]. While EP

showed beneficial effects in a horse model of endotoxemia, it did not have a significant effect on
postoperative variables in horses subjected to large colon volvulus surgery [121, 122, 123]. Thus,
there is more to the effects of EP in vivo then its activation site. Its inefficiency in the cardiac
surgery clinical trial should not prevent its clinical testing in autoimmune and chronic
inflammatory disorders. Moreover, there is an option of an indirect utilization of EP in the
treatment of such disorders, i.e. a tolerogenic cell-based therapy with immune cells conditioned
with EP in vitro. Indeed, EP was shown to induce tolerogenic properties in human DC, including
those obtained from multiple sclerosis patients [62]. Thus, further exploration of the application
of EP-treated DC in the therapy of multiple sclerosis and other autoimmune diseases is

warranted.

Conclusions

This review clearly presents potent immunomodulatory properties of EP, a Jack of all trades, a
molecule able to modulate redox processes, metabolism and immune reactivity in living
organisms. Immunomodulatory activity of EP is based both on its redox-related and -unrelated
effects on the cells of the immune system. Notably, many of the observed effects are mediated
through the influence of EP on HMGBL1, which seems to be the crucial target of EP during the
immune response. Importantly, EP has been shown able to act on each of the steps in HMGB1
biology, including its transcription, translocation from the nucleus into the cytoplasm, export
from the cells, extracellular redox modifications, signaling downstream of its membrane
receptors, and its direct intracellular interactions with other biomolecules. HMGBL1 is one of the

main inflammatory mediators and its regulation is the key for restraining over-reactivity of the
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immune system. Thus, through its actions upon HMGB1, but also upon many other relevant

biomolecules, EP makes the immune system walk the line. Accordingly, EP has been shown
effective in amelioration of inflammatory disorders. Studies cited in this review clearly show that
EP is effective in various autoimmune diseases, sepsis, and inflammatory bowel disease. Thus,
we can say that EP is a chemical David for the autoimmune Goliath. Moreover, EP could be
considered as the molecule of choice for the therapy of other disorders with profound
inflammatory nature, such as atopy and asthma, or acute respiratory distress syndrome (ARDS).
While the influence of EP on the former two has already been investigated [124, 125], its effects
on the latter are still unknown. Our ongoing research on a murine model of ARDS is giving
promising results which indicate that EP could be a useful therapeutic in ARDS. This has a
special significance, having in mind the current reality of SARS-Cov2 pandemic, and ARDS as
one of the life-threatening consequences of the infection [126]. Thus, intensifying this specific
line of investigation, as well as widening the focus of EP research over the spectra of
inflammation-related diseases are viable research options. As a final point, translation of EP into
clinical trials of autoimmune and chronic inflammatory diseases should be the ultimate goal of

future studies.
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